Molecular Interactions between Bacterial Symbionts and Their Hosts  by Dale, Colin & Moran, Nancy A.
Leading Edge
ReviewMolecular Interactions between  
Bacterial Symbionts and Their Hosts
Colin Dale1,* and Nancy A. Moran2,*
1Department of Biology, University of Utah, Salt Lake City, UT 84112 USA
2Department of Ecology and Evolutionary Biology, University of Arizona, Tucson, AZ 85721 USA
*Contact: dale@biology.utah.edu (C.D.); nmoran@u.arizona.edu (N.A.M.)
DOI 10.1016/j.cell.2006.07.014
Symbiotic bacteria are important in animal hosts, but have been largely overlooked as they 
have proved difficult to culture in the laboratory. Approaches such as comparative genomics 
and real-time PCR have provided insights into the molecular mechanisms that underpin 
symbiont-host interactions. Studies on the heritable symbionts of insects have yielded 
valuable information about how bacteria infect host cells, avoid immune responses, and 
manipulate host physiology. Furthermore, some symbionts use many of the same mecha-
nisms as pathogens to infect hosts and evade immune responses. Here we discuss what is 
currently known about the interactions between bacterial symbionts and their hosts.Introduction
Symbiotic bacteria are ubiquitous in animal hosts. They 
affect development (Braendle et al., 2003; Koropatnick 
et al., 2004), nutrition (Baumann, 2005; Backhed et al., 
2005), reproduction and speciation (reviews in Hurst 
and Werren, 2001; Bandi et al., 2001; Hurst and Jiggins, 
2000; Stouthamer et al., 1999), defense against natural 
enemies (Piel, 2002; Scarborough et al., 2005; Oliver et 
al., 2003), and immunity (Macdonald and Monteleone, 
2005). In these associations, bacteria form persistent 
infections within host individuals. In many invertebrate 
hosts, they live an intracellular existence for much of 
their life cycle and undergo vertical transmission from 
mother to offspring via infection of eggs or embryos. 
“Obligate” symbionts also show highly specific interac-
tions with host cell populations, both during coloniza-
tion of progeny and during early development of host 
individuals (e.g., Braendle et al., 2003). Moreover, these 
bacteria have adapted such that they have little or no 
negative impact on the host’s overall health; often, they 
are beneficial or even obligatory (Figure 1).
As more cases of chronic bacterial infection are char-
acterized, the distinction between pathogenesis and 
mutualism has become increasingly blurred. Infection by 
a particular bacterium may be beneficial to a host under 
some circumstances but harmful in other hosts or envi-
ronments. Furthermore, as examples in this review will 
illustrate, pathogenic and mutualistic bacteria often use 
the same core molecular mechanisms to maintain their 
associations with hosts.
We will use “symbiont” to encompass the variety 
of bacteria that form sustained infections in hosts, in 
which colonization and replication are controlled with-
out compromising host vigor. We specifically focus on 
organisms that invade the body cavity or the cytosol of host cells (rather than the surface or gut lumen). Given 
that most work has focused on maternally transmitted 
insect symbioses, these will represent a major focus. 
We note that findings of shared molecular mechanisms 
with pathogens have also been a theme in studies of 
other symbiotic systems. These include the mutualistic 
Euprymna scolopes-Vibrio fischeri light organ symbio-
sis, in which recent discoveries indicate that pathways 
involved in innate immunity are used by the squid host 
to recognize and facilitate colonization of the beneficial 
V. fischeri symbiont (Goodson et al., 2005; Koropatnick 
et al., 2004). Other relevant cases are the Photorhabdus 
luminescens mutualism with entomopathogenic nema-
todes and the Yersinia pestis association with arthro-
pod vectors and mammalian hosts. Finally, we expect 
that heritable symbionts of invertebrates will have many 
common features with bacteria that are mutualistic with 
vertebrates. Increasingly, studies of the microbial com-
munities colonizing vertebrates, particularly the gut 
microflora, are revealing intimate coevolved associa-
tions (Backhed et al., 2004, 2005).
Categorizing Symbioses
Beginning with early descriptive studies based on 
microscopy (Buchner, 1965), and later molecular stud-
ies, animal symbioses have been categorized based 
on both apparent evolutionary age and on the extent of 
obligate codependence between the host and symbi-
ont (Figure 2). At one extreme are the ancient “primary” 
symbionts that live only in bacteriomes (host organs 
specialized for housing symbiotic associates) and are 
required by hosts. At the other extreme, “secondary” or 
“facultative” symbionts usually do not reside exclusively 
in specialized organs and are not strictly necessary 
for host survival; like pathogens, they are able to engi-
neer their own invasion of host cells and tissues. Com-Cell 126, August 11, 2006 ©2006 Elsevier Inc. 453
Figure 1. Important Features in the Associations between Insects and Their Symbiotic Bacteriamonly, multiple symbionts reside within the same host 
individual, most often in the form of one or two primary 
endosymbionts and one or two secondary or facultative 
endosymbionts.
Primary Symbionts: Ancient and Obligate
Repeatedly, primary symbionts have been shown to 
descend from ancient and specialized associations: 
their phylogenetic trees are congruent with those of their 
hosts over long periods of evolutionary time, encom-
passing the initiation of symbiosis through to the pres-
ent (Figure 2; Munson et al., 1991; Baumann, 2005; Lo et 
al., 2003; Moran et al., 2003; Wu et al., 2006). Estimated 
ages of these associations range from 30 to 270 million 
years, with many insect symbioses predating the origin 
of mammals, angiosperms, and other dominant modern 
groups of organisms. This long period of host-depen-
dent evolution is reflected in massive alterations in the 
genomes of primary symbionts (described below). In 
primary symbiotic associations, the hosts have adapted 
to maintain rather than eliminate symbionts. There-
fore, these interactions bear little resemblance to those 
involving pathogens.454 Cell 126, August 11, 2006 ©2006 Elsevier Inc.Secondary Symbionts: Recent and Facultative
Unlike primary symbionts, secondary symbionts can 
colonize naive hosts through horizontal transmission 
among host individuals and species. These associations 
are typically facultative from the perspective of the host, 
and they can be deleterious or beneficial (Figure 1). As 
they are primarily maternally transmitted, these symbi-
onts must persist and spread in host populations using 
mechanisms that give infected matrilines an advantage 
over uninfected matrilines. In some cases, this advan-
tage derives from beneficial effects on host survival or 
reproductive rates, such as protection against parasites 
or stress. For example, recent experimental approaches 
have demonstrated a variety of these beneficial effects 
conferred on hosts by symbionts in the γ-Proteobacteria 
(Moran et al., 2005c; Oliver et al., 2003; Scarborough 
et al., 2005). In other cases, involving Wolbachia, Rick-
ettsia species, Spiroplasma species, and others, symbi-
onts manipulate host reproduction to enhance matrilin-
eal transmission through parthenogenesis, the selective 
killing of male embryos (“son-killing”), feminization of 
genetic males, or reproductive incompatibility (reviewed 
in Stouthamer et al., 1999; McGraw and O’Neill, 2004). 
All of these influences have the effect of increasing rep-
resentation of the female lineages bearing the infection, 
although they may lower the evolutionary fitness of hosts 
by compromising genetic contributions of males. Even in 
cases of “selfish” symbionts, i.e., reproductive manipu-
lators causing net decreases in host fitness, effects on 
female survivorship and fecundity are typically negligible 
(e.g., Bordenstein and Werren, 2000).
Although horizontal transmission occurs, vertical 
inheritance often proceeds with effectively 100% effi-
ciency under lab conditions. A recent study of Wolbachia 
sheds some light on how these organisms interact with 
the microtubules of developing insect oocytes in order 
to regulate their numbers and their subcellular position 
(Ferree et al., 2005).
The Genomes of Insect Symbionts
As few symbionts have been cultured in vitro, and many 
are refractory to genetic manipulation, DNA sequence 
data provide the primary basis for understanding symbi-
otic associations at the molecular level. These sequences 
have proved useful in the reconstruction of host-symbi-
ont phylogenies and in the analysis of symbiont genes 
and genomes. Additionally, experimental strategies have 
been developed that exploit the foundation of gene and 
genome sequences in order to investigate the molecular 
mechanisms underlying symbiotic interactions.
Whole-genome sequencing efforts are likely to 
expand as the technical difficulties associated with 
sequencing symbiont genomes are overcome. A major 
reason that several obligate mutualis-
tic genomes were sequenced before 
genomes of facultative symbionts is 
the relative ease of isolation of DNA, 
as well as their very small sizes. These 
primary symbionts, unlike faculta-
tive symbionts, are densely packed in 
host tissues and often occur in dis-
crete organs that often can be easily 
collected following host dissection. 
Several recent developments in DNA 
technology offer promise for improved 
methods of obtaining large numbers of 
copies of symbiont genomic DNA. For 
example, multiple displacement ampli-
fication (MDA) using tiny amounts of 
template DNA has been successfully 
exploited to yield genome scans of 
symbionts for characterization of gene 
sets (Moran et al., 2005a; Mavingui et 
al., 2005). The use of MDA may enable 
rapid progress in complete genome 
sequencing, especially with new large-
scale sequencing technologies on the 
horizon. The development of culture 
techniques for facultative symbionts, 
either within insect cell lines (O’Neill et 
al., 1997; Darby et al., 2005) or in pure 
culture (Dale and Maudlin, 1999; Dale et al., 2006), can 
also facilitate genome sequencing projects, as in the 
case of S. glossinidius (Toh et al., 2006).
Primary Symbionts: “Minimal Genomes”
An important axis of variation among maternally inher-
ited symbionts is the extent of genome degradation and 
reduction. At one extreme are the highly reduced bac-
teriome-associated primary symbionts, the category 
for which the largest number of published genomes 
are available. Examples include three genomes from 
Buchnera aphidicola strains from different aphid hosts 
(Shigenobu et al., 2000; Tamas et al., 2002; van Ham 
et al., 2003), two from Candidatus Blochmannia species 
from ants (Gil et al., 2004; Degnan et al., 2005), one from 
Wigglesworthia glossinidia from tsetse flies (Akman et 
al., 2002), and one from Candidatus Baumannia cicadel-
linicola from leafhoppers (Wu et al., 2006). All of these 
ancient symbionts are in the γ-Proteobacteria and bear 
close phylogenetic relationships to Escherichia coli and 
other well-studied enteric bacteria. But, whereas E. coli 
and other free-living relatives in this group have genomes 
of about five megabases encoding some 5000 genes, 
primary symbiont genomes are under one megabase in 
size and are known to encode as few as 500 genes, with 
some possibly smaller (Gomez-Valero et al., 2004). The 
genome sequences of primary symbionts show striking 
similarities beyond reduced size. In each case, few or 
no genes have been acquired as part of the transition 
to a symbiotic lifestyle; this absence of gene acquisi-
tion is a major contrast to other genomes in representa-
Figure 2. Distinct Evolutionary Patterns of Heritable Symbionts in InsectsCell 126, August 11, 2006 ©2006 Elsevier Inc. 455
tives of the γ-Proteobacteria. Rather, the gene set of the 
ancestor has been selectively reduced so as to retain 
only those genes and pathways required for the symbi-
otic lifestyle.
A major point of interest regarding primary symbi-
onts is the demonstration that a free-living bacterium 
with a large genome has the potential to undergo mas-
sive reduction, retaining only 10%–20% of the original 
genes. The gene sets retained in the symbiont lineages 
so far sequenced differ substantially. Numerous genes 
considered essential, based on studies in E. coli, are 
absent from one or more of the sequenced symbiont 
genomes; an example is dnaA, a gene involved in initia-
tion of chromosome replication, which is absent from the 
Wigglesworthia and Blochmannia genomes (Akman et 
al., 2002; Gil et al., 2003), raising the possibility of repli-
cation control by the host. Likewise, Buchnera genomes 
are among the few lacking the near-universal recombi-
nase gene, recA, and they also lack the genes underly-
ing phospholipid synthesis (Shigenobu et al., 2000; van 
Ham et al., 2003; Zientz et al., 2004). Although transfer 
of genes to the host nucleus and reimportation of host-
encoded gene products have not been definitively ruled 
out, no experimental evidence for such transfer is avail-
able. Moreover, primary symbiont genomes published 
to date do possess most genes that would be consid-
ered essential based on studies of model organisms, 
and they can therefore be considered to represent ver-
sions of “minimal” bacterial genomes (Gil et al., 2004; 
Zientz et al., 2004). These compact genomes lack many 
usual features of genomes of related free-living and 
pathogenic bacteria. For example, they have no phage 
or phage remnants, no insertion sequences, and no evi-
dence of foreign gene uptake or homologous recombina-
tion among strains. In general, their genome sequences 
indicate that these obligate symbionts represent highly 
specialized organisms that are evolutionarily committed 
to dependence on their particular hosts.
Several lines of evidence indicate that during long-
term coevolution, primary symbionts have relinquished 
control of their own genetic functions to hosts (Figure 
2). First, primary symbionts show extreme depletion of 
ancestral regulatory genes. For example, whereas E. 
coli has more than 200 genes encoding transcriptional 
regulators, Buchnera retains fewer than 10 (Moran et al., 
2005b). Regarding amino acid biosynthesis, which is 
central to the aphid-Buchnera symbiosis, the sequenced 
Buchnera genomes retain most structural genes for 
the 10 essential amino acid pathways, but only 0 or 1 
(depending on the strain) of the 16 transcriptional regu-
lators for these pathways (Wilcox et al., 2003).
As demonstrated in early studies, the universal 
heat shock chaperonin groEL is constitutively highly 
expressed in Buchnera and in other endosymbionts and 
host-restricted organisms (Kakeda and Ishikawa, 1991; 
Aksoy, 1995). The GroEL protein constitutes about 10% 
of total protein in Buchnera cells, even under nonstress 
conditions (Baumann et al., 1996), and the groEL tran-456 Cell 126, August 11, 2006 ©2006 Elsevier Inc.script is one of the most abundant in Buchnera cells 
(Wilcox et al., 2003). Assaying transcript levels across 
the entire genome using microarrays revealed that con-
stitutively elevated expression extends to most other 
genes that are typically part of the heat shock regulon 
(Wilcox et al., 2003). These observations strongly sug-
gest that the general function of the overexpression of 
groEL and other stress-related genes involves stabi-
lization and refolding of proteins, rather than a newly 
evolved function specific to GroEL. An increased invest-
ment in mechanisms for protein stabilization has been 
postulated to have evolved as a compensation for accu-
mulated mutations that reduce protein stability (Moran, 
1996; Wernegreen and Moran, 1999; van Ham et al., 
2003; Fares et al., 2002).
Overall growth rates and densities of bacteriome-
associated bacteria appear to closely track the growth 
and development of the host (Wolschin et al., 2004; 
Baumann and Baumann, 1994), implying cooperative 
mechanisms for coordination of host growth and symbi-
ont replication. These control mechanisms are certainly 
less rigid in associations involving facultative symbionts, 
such as Wolbachia and the secondary symbionts of sap-
feeding insects, because these bacteria show highly 
variable densities and patterns of colonization among 
host individuals (Koga et al., 2003; Oliver et al., 2006; 
Veneti et al., 2004, 2005).
Facultative Symbioses: Genomes in Transition
More recently, complete or partial genome sequences 
have been obtained from a number of facultative symbi-
onts that appear to have established associations with 
hosts in the more recent evolutionary past. Features of 
these genomes may resemble those of genomes in the 
early stages of a transition from a free-living lifestyle to 
an obligate mutualism; this is the most likely interpreta-
tion of the recently published genome sequence of the 
tsetse fly symbiont, S. glossinidius. Almost half of this 
genome is comprised of inactivated genes in various 
stages of decomposition (Toh et al., 2006), resembling 
the case of the host-restricted pathogen Mycobacterium 
leprae (Cole et al., 2001), and illustrating the similarity 
in the evolutionary trajectories of some chronic patho-
gens and symbionts (Moran and Plague, 2004). In some 
cases, these organisms have also accumulated many 
transposable elements (Moran and Plague, 2004; Toh et 
al., 2006). Some facultative symbionts, such as Wolba-
chia, Candidatus Hamiltonella defensa, and Candidatus 
Arsenophonus arthropodicus, have genomes of inter-
mediate size (1–3.5 megabases) containing mobile ele-
ments and phage (Moran et al., 2005a; Wu et al., 2004; 
Dale et al., 2006). Compared to the domesticated bac-
teriome-associates, these facultative symbionts may 
undergo high levels of recombination among strains, as 
is now well documented for Wolbachia (Figure 2; Baldo 
et al., 2006). Possibly, some of the repetitive sequences 
found in the published insect-associated Wolbachia 
genome are adaptations for promoting recombination 
within or among genomes (Wu et al., 2004). Additionally, 
facultative symbionts undergo bacteriophage-mediated 
gene exchange (e.g., Moran et al., 2005a; Bordenstein 
and Wernegreen, 2004).
Obligate Symbioses: Domestication of Bacteria by 
Animal Hosts
The provision of nutrients has long been suspected of 
being a raison d’etre of primary symbionts (Buchner, 
1965), and this suspicion has recently been confirmed 
and elucidated by whole-genome sequencing and 
microarray analyses. Insect primary symbionts, includ-
ing Buchnera, Wigglesworthia, Blochmannia, and Bau-
mannia, have the capacity to provide their hosts with 
nutrients, based on the gene inventories inferred from 
genome sequences. An in-depth consideration of the 
metabolic contributions and requirements of symbi-
onts, as inferred from complete genome sequences, is 
provided by Zientz et al. (2004). The sets of nutrients 
provided differ among the various associations. Thus, 
Buchnera retains pathways for biosynthesis of amino 
acids essential in animal nutrition, but has lost those 
for biosynthesis of nonessential amino acids (Shig-
enobu et al., 2000). The genes underlying production 
of the essential amino acids leucine and tryptophan 
are amplified on plasmids in the Buchnera strains of 
some aphid species (Lai et al., 1994; Baumann, 2005), 
probably to enable overproduction of these nutrients. 
The genome of Wigglesworthia, the obligate symbiont 
of tsetse flies, lacks amino acid biosynthetic genes but 
contains many genes underlying synthesis of a large 
array of essential cofactors. This observation fits with 
the dietary constraints of the tsetse host, which feeds 
exclusively on vertebrate blood, a diet that presents a 
full spectrum of necessary amino acids but is lacking 
in certain cofactors. Recently, genomic sequences for 
Baumannia and Sulcia, the coresident primary symbi-
onts of xylem-feeding sharpshooters, have revealed 
that these symbionts have complementary sets of 
biosynthetic capabilities, with one (Baumannia) able 
to make many cofactors and the other (Sulcia) encod-
ing pathways for synthesis of essential amino acids 
(Wu et al., 2006). In each of the completely sequenced 
primary symbionts, 10%–14% of the genome is com-
prised of genes devoted to host nutrition. This retention 
of genes underlying biosynthetic pathways provides a 
striking contrast to obligate pathogens with similarly 
small genomes, such as sequenced Mycoplasma or 
Rickettsia spp., which obtain nutrients from their hosts 
and have eliminated almost all genes underlying amino 
acid biosynthesis.
Some regulation of nutrient production and exchange 
of materials must exist within the insect-symbiont sys-
tem, in order to prevent overproduction of the requisite 
end products. For bacteriome-associated primary sym-
bionts, the host likely enforces such controls. A study of 
differentially expressed host genes in the bacteriocytes 
provides general support for this view, as genes under-
lying transport and amino acid metabolism are upregu-
lated in these cells (Nakabachi et al., 2005).Facultative Symbioses: Invasion and Establish-
ment in Naive Hosts
Some symbiotic bacteria can readily invade novel host 
species and form stable associations, a claim that is 
based on inferences from phylogenies and host distribu-
tions (Werren et al., 1995; Baumann, 2005) and also from 
experimental transfection of naive hosts (e.g., Russell 
and Moran, 2005; Dobson et al., 2002). This fact implies 
that no host coadaptation is required. Thus, the bacteria 
themselves possess mechanisms for invading host cells 
and forming stable associations, including invasion of 
developing eggs or embryos. Recent data from genome 
sequences and experimental studies suggest that these 
symbionts draw on the same set of molecular tools used 
by relatively well-studied pathogenic bacteria. In the fol-
lowing sections, we describe some of the mechanisms 
that facultative symbionts use to establish and maintain 
their infections in host tissues.
Protein Secretion Systems
Many bacteria use protein secretion systems to facilitate 
the translocation of macromolecules from the cell cyto-
plasm, across the cell membrane(s), onto the surface of 
the bacterial cell, or into the extracellular environment. In 
Gram-negative bacteria that have both inner and outer 
membranes, five distinct secretion systems (designated 
type I through type V) are known to enable the capabil-
ity to translocate proteins, designated effector proteins, 
outside of the cell. For a general review of protein secre-
tion systems in bacteria, see Hueck (1998) and Pugs-
ley et al. (2004). In this review, we focus on type III and 
type IV secretions systems (T3SSs and T4SSs) that are 
known to play an important role in the translocation of 
proteins from certain insect endosymbionts. For reviews 
of type III and type IV secretion pathways, respectively, 
see Mota et al. (2005) and Christie (2004).
Research into bacterial protein secretion systems 
began in earnest with the discovery of a number of 
so-called “pathogenicity islands” in the genomes of 
enteric pathogens (Groisman and Ochman, 1996). 
These genomic regions are composed of clusters of 
genes encoding virulence factors that are important or 
essential in the interactions between pathogenic bac-
teria and their eukaryotic hosts. In many cases, the 
proteins encoded by these gene clusters have a coor-
dinated function such as the deployment of a multipro-
tein secretion apparatus on the cell surface. Although 
protein secretion systems, especially T3SSs, have been 
identified in pathogenicity islands found in the genomes 
of a wide range of bacteria that cause disease in both 
plants and animals, it is important to point out that it is 
not the protein secretion systems per se, but rather the 
effector proteins they deliver, that are potentially harmful 
in nature. This proves important when we consider the 
role of protein secretion systems in mutualistic bacterial 
symbionts, because these organisms are not expected 
to inflict harm upon their hosts.
The first evidence for involvement of a T3SS in an 
animal-bacterium mutualism came from a study focus-Cell 126, August 11, 2006 ©2006 Elsevier Inc. 457
ing on the tsetse fly endosymbiont, Sodalis glossinidius 
(Dale et al., 2001). S. glossinidius is one of only a handful 
of insect endosymbionts that have been cultured in vitro, 
both in an insect cell line (Welburn et al., 1987) and on 
solid media (Dale and Maudlin, 1999). In S. glossinidius, 
transposon (Tn5) mutagenesis revealed the presence 
of T3SS genes, such as invC, that were required for S. 
glossinidius to enter insect cells in vitro. A S. glossinidius 
invC mutant was also incapable of establishing infection 
in vivo in its natural host, the tsetse fly, and analysis of 
the genic regions flanking the invC homolog in S. glos-
sinidius revealed additional T3SS genes.
In a subsequent study, the complete gene inventories 
of two Sodalis T3SS-encoding regions were obtained 
from BAC clones (Dale et al., 2005). The two regions 
were found to carry genes encoding phylogenetically 
distinct T3SS systems, designated SSR-1 and SSR-2. 
The SSR-1 region carries the genes identified in the Tn5 
screen, which are most closely related to homologs in 
the ysa island in Yersinia enterocolitica (Foultier et al., 
2002). The SSR-2 island carries a paralogous set of 
Figure 3. Organization of T3SS-Encoding Chromosomal 
Regions in Sodalis glossinidius, Salmonella enterica, and 
Yersinia enterocolitica
The three S. glossinidius islands (SSR-1, SSR-2, and SSR-3) are most 
closely related to the Y. enterocolitica ysa island and the S. enterica 
SPI-1 and SPI-2 islands, respectively. Individual genes are depicted in 
color boxes with colors corresponding to predicted functions shown 
in the key. Regions of synteny are highlighted by the connecting gray 
bars, and the translocation of hilA in S. glossinidius SSR-2 and S. 
enterica SPI-1 is highlighted by a dotted line. Note that each of the S. 
glossinidius T3SS-encoding islands is reduced in gene content rela-
tive to the pathogens. Notably, all three S. glossinidius islands lack 
one or more genes encoding putative effector proteins.458 Cell 126, August 11, 2006 ©2006 Elsevier Inc.T3SS genes most closely related to the SPI-1 genes 
found in Salmonella enterica and Chromobacterium vio-
laceum. Although both SSR-1 and SSR-2 have a com-
plete set of genes encoding a functional T3SS export 
apparatus, these regions lack many genes encoding 
effector proteins found in the corresponding ysa island 
in Y. enterocolitica and the SPI-1 island in S. enterica. 
Indeed, the only intact genes encoding putative effec-
tor proteins in S. glossinidius are located in SSR-1, and 
they likely encode effector proteins that specifically 
facilitate the host cell cytoskeletal rearrangements nec-
essary for bacterial entry. This suggests that the func-
tions of the S. glossinidius T3SSs have been reduced in 
the transition from parasitism to mutualism. Transcript 
analyses indicate that SSR-1 and SSR-2 have distinct 
temporal patterns of gene expression (Dale et al., 2005). 
Whereas SSR-1 transcripts are detected when bacteria 
are entering insect cells, SSR-2 transcripts are detected 
after an intracellular infection is established. Mutant S. 
glossinidius, lacking an essential component of SSR-2, 
can invade cells, but fail to replicate once they become 
intracellular. The recent completion of the S. glossinidius 
whole genome sequence (Toh et al., 2006) will provide 
the opportunity to search for new T3SS effectors and has 
already revealed the presence of a third T3SS encoding 
region in the S. glossinidius chromosome (designated 
SSR-3) whose function is currently unknown. The gene 
organization of the three T3SS encoding regions in the 
S. glossinidius genome is shown in Figure 3.
A primary question that remains relates to the origin of 
T3SS genes in the Sodalis genome. Given that the T3SSs 
have important functions in the mutualism between 
S. glossinidius and its host, did the acquisition of the 
T3SS genes predate the origin of the symbiotic associa-
tion? Moreover, are T3SSs found in mutualistic insect 
endosymbionts that are not close relatives of Sodalis? 
To date, T3SS components have been identified in the 
genomes of three facultative endosymbionts, including 
Sodalis, and in two closely related primary symbionts 
(discussed below). In general, T3SS gene clusters are 
found only in the genomes of insect endosymbionts 
that have established relatively recent associations 
with hosts. The more ancient primary endosymbionts, 
including Buchnera, Blochmannia, and Wigglesworthia, 
have no T3SS components in their genomes, although it 
is conceivable that they possessed T3SSs during earlier 
stages of their evolution.
The two primary insect endosymbionts known to 
have T3SSs are found in the coleopteran grain weevils, 
Sitophilus oryzae and S. zeamais. These bacteria have no 
formal nomenclature and are known as SOPE and SZPE, 
respectively. Their association with hosts is estimated to 
be recent in origin (about 25 million years; Lefevre et al., 
2004). PCR screens have revealed the presence of SSR-
1 and SSR-2 homologs in the weevil symbiont genomes, 
and comparative analyses of pairwise sequence diver-
gence between the T3SS genes and chromosomal infor-
mational genes indicate that both SSR-1 and SSR-2 were 
Figure 4. Relationship be-
tween Cellular Location and 
Evolutionary Rate in T3SS-
Encoding Proteins
The model SPI-1/SSR-2 sec-
retome reveals the approxi-
mate cellular locations of T3SS 
proteins relative to the bacte-
rial cell wall. The tables contain 
estimates of protein evolution-
ary rates relative to neutral se-
quence changes (dN/dS) com-
puted for selected T3SS proteins 
in pairwise comparisons among 
the mutualistic endosymbionts 
Sodalis glossinidius (S. gl) and 
SOPE, and the pathogens Sal-
monella enterica (S. en) and 
Chromobacterium violaceum 
(C. vi). The dN/dS values are el-
evated in pairwise comparisons 
between mutualistic endosym-
bionts and pathogens, and the 
highest dN/dS ratios (highlighted 
in red) are observed in T3SS pro-
teins that have an extracellular 
location.present in a common ancestor of the lineage leading to 
S. glossinidius and the weevil endosymbionts (Dale et 
al., 2002). The complete gene inventories of SSR-1 and 
SSR-2 have recently been obtained from both SOPE and 
SZPE, and the analysis of these sequences provides fur-
ther support for common ancestry of both T3SS gene 
clusters in all three symbionts (C.D., unpublished data). 
The functions of the SSR-1 and SSR-2 islands in SOPE 
and SZPE are not well defined because the bacteria 
have not been cultured. However, real-time PCR assays 
of transcripts in vivo suggests that the T3SS genes play 
an important role during a specific stage of weevil devel-
opment (Dale et al., 2002).
The availability of the complete sequences of SSR-1 
and SSR-2 from SOPE and SZPE also provides some 
insight into the mode of evolution of the T3SS genes in 
the insect endosymbionts. This is of particular relevance 
to genes encoding protein components of the needle 
substructure in SSR-2 that were initially predicted to 
be nonfunctional due to extremely high levels of amino 
acid substitutions (Dale et al., 2005). Molecular evolu-
tionary analyses indicate that rates of protein sequence 
evolution are elevated in protein components of the 
T3SS exposed to the extracellular environment (Figure 
4). Host-pathogen conflicts were predicted to be a driv-
ing force for high rates of polypeptide evolution in the 
extracellular components of the Salmonella SPI-1 T3SS 
(Li et al., 1995; Boyd et al., 1997). Surprisingly, the rela-
tionship between cellular location and protein evolution-
ary rate holds true for the SSR-2 T3SSs in mutualistic 
endosymbionts, despite the fact that these organisms 
are not expected to engage in conflict with their hosts. Furthermore, the estimated rates of polypeptide evolu-
tion in extracellular components of the T3SS are high-
est in pairwise comparisons between mutualistic endo-
symbionts and pathogens (Figure 4). Based on these 
observations, we propose that the extracellular protein 
components of the SPI-1 and SSR-2 T3SSs undergo 
bursts of rapid polypeptide evolution simply to facilitate 
the mechanical adaptations necessary for the T3SS to 
interface with different eukaryotic cell types.
The genes encoding T3SSs have also recently been 
identified in two facultative endosymbionts that are not 
close relatives of S. glossinidius. The first of these is Ca. 
Hamiltonella defensa, a facultative symbiont of numer-
ous insects that, in the pea aphid, plays a role in the 
defense of hosts against parasitoid attack (Oliver et 
al., 2003, 2005; Moran et al., 2005c). In a preliminary 
sequence analysis of the Ca. Hamiltonella defensa 
genome, 22 putative T3SS genes were recovered from 
a total of 473 predicted coding sequences belonging to 
two T3SS subfamilies corresponding to SPI-1 and SPI-2 
in S. enterica (Moran et al., 2005a). T3SS genes have 
also been identified in the genome of Ca. Arsenophonus 
arthropodicus, a facultative endosymbiont that is found 
in a wide range of arthropod hosts and has recently been 
isolated in pure culture (Dale et al., 2006; C.D., unpub-
lished data).
Type IV secretion systems are known to play an 
important role in a number of plant and animal patho-
gens that secrete proteins and nucleoproteins into host 
cells including Agrobacterium tumefaciens, Helico-
bacter pylori, Bordetella pertussis, Brucella spp., Bar-
tonella henselae, Rickettsia prowazekii, and Campylo-Cell 126, August 11, 2006 ©2006 Elsevier Inc. 459
bacter jejuni (Sexton and Vogel, 2002). A complete set 
of T4SS genes were found in the sequenced genomes 
of the mutualistic Wolbachia (wBm) from the nematode 
Brugia malayi and the parasitic Wolbachia (wMel) from 
the insect Drosophila melanogaster as well as in a num-
ber of Wolbachia strains isolated from other insects (Wu 
et al., 2004; Foster et al., 2005). Although no definitive 
functions have been identified for the Wolbachia T4SS to 
date, it does seem likely that the T4SS has an important 
function based on the fact that it is maintained in so many 
Wolbachia strains. Indeed, one can easily envisage a role 
for the T4SS in the manifestation of the reproductive dis-
tortions that accompany Wolbachia infections in many 
arthropod hosts, because these distortions are likely to 
be mediated by proteins secreted by Wolbachia.
Dynamic Processes in Genomes of Facultative 
Symbionts
The numerical distribution of mobile DNA in host-associ-
ated bacteria, like that of secretion systems, is skewed 
in favor of those (mostly facultative) symbionts that have 
established recent associations with hosts. This is par-
ticularly notable in the case of transposon and bacte-
riophage sequences, which are largely absent from the 
genomes of ancient primary endosymbionts.
Plasmids have been identified in some primary endo-
symbionts, including Buchnera and Wigglesworthia (e.g., 
Lai et al., 1994). However, the presence of genes on plas-
mids likely reflects a need to modulate gene copy num-
ber rather than to facilitate horizontal transfer of DNA, as 
noted earlier in the case of Buchnera plasmids bearing 
genes for leucine and tryptophan biosynthesis (Werne-
green and Moran, 2001; Latorre et al., 2005). Although 
this may seem like a trivial point, it does illustrate that 
many mobile elements and plasmids have impacts on 
bacterial genomes that are unrelated to their ability to 
vector genetic material. These auxiliary impacts include 
the modification of genome organization and the modu-
lation of gene copy number and expression.
Mobile Genetic Elements and Repetitive DNA in 
Symbiont Genomes
Insertion sequence (IS) elements represent the simplest 
forms of mobile genetic elements found in the genomes 
of bacteria. They use a simple transposase to effect “cut 
and paste” excision and insertion of transposon DNA in 
the bacterial genome. Although these transposons have 
no ability to direct their own replication, they are known 
to utilize host replication machinery to effect “cut, copy, 
and paste” transposition (Mahillon and Chandler, 1998). 
In their simplest form, IS elements are considered selfish 
because they carry only those genes necessary to effect 
their own transposition. However, even in this form, they 
can impact the host genome by silencing genes, mediat-
ing rearrangements, and modulating gene expression.
Several authors have noted that intracellular bacteria 
have a tendency to accumulate IS element sequences in 
their genomes during the early stages of host association 
(Moran and Plague, 2004; Bordenstein and Reznikoff, 460 Cell 126, August 11, 2006 ©2006 Elsevier Inc.2005). As host restriction is known to reduce the acqui-
sition of mobile DNA, it seems likely that the increase 
in IS element numbers in these genomes reflects an 
increase in the replicative transposition of elements that 
are resident at the onset of symbiosis. To explain this 
phenomenon, Moran and Plague (2004) postulated a 
neutral hypothesis for IS element proliferation in the early 
stages of symbiosis. This takes into account changes 
predicted to occur in the population structure of bacteria 
switching from a free-living stage with a large effective 
population size to a symbiotic stage with a small effec-
tive population size. Thus, as effective population size 
decreases, the efficiency of purifying selection acting 
on genic sequences is reduced and more IS elements 
become fixed in the population. Genes whose functions 
are redundant or only mildly beneficial become effec-
tively neutral and act as space into which IS elements 
can transpose with no deleterious effect. As IS element 
copy number increases, we would expect a concomitant 
increase in the frequency of IS element transposition. 
However, as transposition frequency increases, so does 
the opportunity for transpositions to have deleterious 
effects, and for this reason IS element expansions are 
expected to be inherently self-limiting.
The genome sequences of the mutualistic and para-
sitic strains of Wolbachia, wBm and wMel, are notable 
because they have markedly different quantities of repet-
itive DNA, composed mostly of inactivated IS elements. 
Whereas the genome of wBm has only 5.4% repetitive 
DNA (Foster et al., 2005), the genome of wMel contains 
14.2% repetitive DNA (Wu et al., 2004). The increased 
level of repetitive DNA in the wMel genome is correlated 
with a history of genome instability, characterized by an 
aberrant pattern of G+C skew across the entire wMel 
chromosome (Wu et al., 2004). This has led some authors 
to speculate that IS element proliferation might confer 
an adaptive advantage by increasing the frequency of 
genome rearrangements (Foster et al., 2005; Brown-
lie and O’Neill, 2005). This hypothesis is only plausible 
under circumstances in which genome rearrangements 
promote phenotypic diversity, which may be advanta-
geous for Wolbachia during host switches. However, 
the more evident and direct impact of IS transposition 
is deleterious (because most events will interrupt open 
reading frames or transcription units), and the more 
parsimonious explanation of increased IS frequency in 
recently host-restricted bacteria is a reduced effective-
ness of natural selection in limiting their spread.
Bacteriophage and Toxins in Symbiotic Systems
Bacteriophages represent the most abundant organisms 
on Earth (Wommack and Colwell, 2000), and perhaps 
the most dynamic of the mobile genetic elements found 
in prokaryotes. They have a unique ability to transfer 
genetic information between isolated populations and 
therefore make a substantial contribution to the bacte-
rial gene pool within ecosystems.
In the bacterial genomes sequenced to date, pro-
phage sequences are particularly abundant in the bac-
terial pathogens (Brussow et al., 2004). In contrast, 
even prophage remnants are entirely absent from the 
genomes of ancient host associated endosymbionts 
(Bordenstein and Reznikoff, 2005). Again, this likely 
reflects the genome streamlining associated with long-
term degenerative evolution and does not exclude the 
possibility that these bacteria harbored phages in the 
earlier stages of their symbiotic associations. However, 
the genome sequences of more recently established 
host associated bacteria, including Wolbachia spp., S. 
glossinidius, and Ca. Hamiltonella defensa, are known 
to contain complete prophage genomes and substantial 
numbers of prophage remnants (Wu et al., 2004; Fos-
ter et al., 2005; Moran et al., 2005a; Toh et al., 2006). 
Therefore, it is clear that bacteriophages are capable of 
transducing genetic material into the genomes of insect 
endosymbionts during the early stages of symbiotic life, 
but what are the consequences of these phage trans-
duction events?
To illustrate the role of phage in the dissemination 
of genes encoding toxins in insect endosymbionts, we 
focus on two examples in which bacteria harbor active 
prophage genomes carrying genes expected to encode 
protein toxins capable of affecting eukaryotic cells. The 
first example centers on the parasitic strains of Wolba-
chia, many of which are known to harbor a bacterio-
phage known as phage WO (Masui et al., 2000). Phage 
WO is widespread among strains of parasitic Wolbachia, 
and there is evidence of recent lateral transfer of WO 
prophage DNA between these strains (Bordenstein and 
Wernegreen, 2004). Phage WO particles have been visu-
alized in insect tissues (Masui et al., 2001) and purified in 
the laboratory (Fujii et al., 2004), further supporting the 
notion that phage WO undertakes infectious transmis-
sion.
One of the interesting features of the WO prophage 
genome is the presence of ANK genes encoding pro-
teins with ankyrin repeat domains (Masui et al., 2000; 
Wu et al., 2004). The genomes of Wolbachia strains 
that cause reproductive distortions in their hosts have 
unusually high numbers of ANK genes relative to the 
mutualistic Wolbachia wBm strain and their other close 
relatives in the α-Proteobacteria (Iturbe-Ormaetxe et al., 
2005). Proteins containing ankyrin repeat domains act 
as scaffolds in a variety of protein-protein interactions 
in eukaryotic cells (Mosavi et al., 2004). They participate 
in a wide range of cellular functions, including cell sig-
naling, cytoskeleton integrity, cell–cycle regulation, gene 
regulation, and development. In Wolbachia, ANK genes 
have been linked to the cytoplasmic incompatibility 
(CI) phenotype through a number of potential mecha-
nisms, including the ANK protein-mediated inhibition of 
host cyclin-dependant kinase activity (Iturbe-Ormaetxe 
et al., 2005; Tram et al., 2003). A notable recent study 
focused on a comparative sequence analysis of ANK 
genes in two closely related Wolbachia strains infecting 
geographically distinct populations of Culex mosquitoes 
that are incompatible as a result of Wolbachia-induced CI (Sinkins et al., 2005). Surprisingly, the Wolbachia 
strains infecting these incompatible mosquitoes are so 
closely related that they share identical sequences in 
their surface protein-encoding wsp gene, which is known 
to contain hypervariable regions and therefore evolves 
rapidly (Baldo et al., 2005). The close genetic relation-
ship between the two strains is further exemplified by 
the comparative sequence analysis of their ANK genes; 
16 out of a total of 18 different ANK genes are predicted 
to encode identical polypeptides in the two incompat-
ible Wolbachia strains. The remaining two ANK genes 
found in each genome are notable because they show 
divergence between the two incompatible strains (8.4% 
and 3.4% amino acid sequence divergence). These two 
divergent ANK genes happen to be located within a WO 
prophage region and are coexpressed with a WO phage 
capsid gene that is actively transcribed in adult mosqui-
toes. Curiously, expression of one of these ANK genes 
was demonstrated to occur specifically in female mos-
quitoes and represents the only Wolbachia gene known 
so far to display sex-dependent expression in the host 
insect. The observation of sex-dependent phage gene 
expression was corroborated in a more recent study 
focusing on Culex mosquitoes (Sanogo and Dobson, 
2006). Taken together, these results provide strong sup-
port for the direct involvement of the ANK genes in the 
induction of the CI phenotype in Wolbachia. They also 
implicate bacteriophage WO in the dissemination and 
transcriptional regulation of genes involved in the CI 
phenotype.
The second example of phage and toxin gene trans-
duction in an insect endosymbiont involves Ca. Hamil-
tonella defensa, a facultative bacterial symbiont residing 
in aphids and other insects. Bacteriophage particles, 
named APSE-1, were initially discovered in the tissues of 
the aphid Acyrthosiphon pisum and subjected to com-
plete genome sequence analysis (van der Wilk et al., 
1999) several years before the identity of the bacterial 
host, Ca. Hamiltonella defensa, was established (Moran 
et al., 2005c). As a close relative of the S. enterica 
phage P22, APSE-1 is classified as a temperate phage 
and the APSE-1 and P22 genomes both maintain a full 
complement of genes anticipated to be necessary for 
both lysogeny and lysis. The APSE-1 genome is notable 
because it also carries a gene homologous to the Shiga 
toxin (Stx) encoding genes found in prophages resid-
ing in important human and animal pathogens (Herold 
et al., 2004). The potential significance of the stx gene 
in the APSE-1 genome was not highlighted until Moran 
et al. (2005a) discovered additional haplotypes of the 
APSE-1 phage (named APSE-2a and APSE-2b) carry-
ing homologs of cdtB instead of stx; cdtB is expected to 
encode the active subunit of a holotoxin known as cyto-
lethal distending toxin (Thelestam and Frisan, 2004). 
The complete genome sequences of the two haplotypes 
of APSE-2 were derived from an assembly of a partial 
Ca. Hamiltonella defensa genome sequence obtained 
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from an iso-female line of aphids. It therefore seems 
likely that APSE-2a and APSE-2b are lysogenized in 
the same bacterial genome, and Southern hybridization 
confirmed that at least one copy was lysogenized. The 
copy number of APSE-2 genes (including cdtB) was esti-
mated to be 40-fold higher than single-copy chromo-
somal genes based on quantitative PCR analyses and 
on the bias observed in representation of phage genes 
in the sequence assembly. Given that the APSE phages 
cannot replicate autonomously, the elevated copy num-
ber of the APSE-2 sequences must result from the con-
tinuous production of phage particles in the symbiont 
cells. But what advantages might be conferred by this 
process given that the opportunities for phage trans-
mission are likely to be restricted in the insect body? 
Perhaps ongoing lysis and particle production provide 
an opportunity for the enhanced production and release 
of certain phage-associated proteins, such as Stx and 
CdtB. Indeed, real-time PCR experiments have demon-
strated that the cdtB gene is expressed at a high level 
in vivo in Ca. Hamiltonella defense, some 5-fold higher 
than the highly expressed chromosomal gene dnaK and 
15-fold higher than the APSE-2 structural gene P2. It is 
also known that the sequestration and delivery of Shiga 
toxin by bacterial pathogens is mediated by the ongoing 
induction of Shiga toxin-encoding prophages (Wagner et 
al., 2002). Despite the presence of an ongoing lytic cycle, 
the symbiotic infection is stable within individual hosts 
and within lineages of aphids, indicating that a portion of 
the symbiont population in each host escapes lysis and 
colonizes developing progeny or eggs. Although there 
is no direct evidence of a functional role for toxin pro-
duction in the aphid, it has been suggested that toxins 
might play a role in the defense of the host insect against 
eukaryotic parasites. Indeed, Ca. Hamiltonella defensa 
isolates have been shown to protect their aphid hosts 
against attack by hymenopteran parasites and to effect 
different levels of protection in aphid hosts (Oliver et al., 
2003, 2005).
Concluding Remarks and Future Directions
Recent attempts to characterize symbiotic bacteria in 
just a few insect groups have revealed a diverse range 
of intimate associations that appear to have evolved 
repeatedly from a number of different ancestral bacte-
rial lineages. Stable symbiotic associations, such as 
those considered in this review, are likely to be least as 
common in nature as those associations that revolve 
around parasitism, or pathogenesis. Over the course of 
the last few decades, the focus of mainstream microbi-
ology has been directed toward vertebrate pathogens 
in an effort to reduce the burden of human and animal 
disease. However, it is naive to assume that the molecu-
lar mechanisms of pathogenesis evolved specifically to 
facilitate disease in vertebrates. Rather, it seems more 
likely that the mechanisms of pathogenesis, including 
protein secretion systems, evolved in bacterial sym-
bionts that undertook interactions with more ancient 462 Cell 126, August 11, 2006 ©2006 Elsevier Inc.eukaryotes, including arthropods and other invertebrate 
phyla (McFall-Ngai, 2002). This leads to two important 
points: First, there is much to learn about the evolution 
of virulence and pathogenesis from the study of interac-
tions between bacteria and invertebrate hosts. Second, 
we may discover that many more vertebrate pathogens 
have the ability to infect and reside within nonvertebrate 
hosts. Evidence of the latter was recently obtained from 
a study focusing on Y. enterocolitica, which was found 
to produce insecticidal proteins at low temperature, 
despite the fact that no insect host is known to harbor 
this bacterium (Bresolin et al., 2006). Finally, vertebrates 
possess many beneficial associations with bacteria, 
which have been shown to provide both nutritional and 
defensive advantages, and invertebrate models can be 
used to elucidate the role of these bacteria in human and 
animal health.
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